summary 1. Two women with severe hypokalaemic alkalosis were investigated by means of muscle biopsy before and at the end of 2 and 3 weeks respectively of intense therapy with potassium chloride.
Introduction
It is known that severe experimental potassium depletion results in a decrease in muscle potassium content with a consequent intracellular uptake of sodium ions (for references see Welt, Hollander & Blythe, 1W) . Intracellular pH has been found to be decreased (Irviine, Saunders, Milne & crawford, 1960; Sanslone & Muntwyler, 1966) or normal (Eckel, Botschner & Wood, 1959 ; Burnell & Dawborn, 1970 ). An increase in resting trans-membrane potential in muscle has been reported in experimental potassium depletion and in hypokalaemic man (Bolte & Ltideritz, 1968 ; Riecker, Bolte & Rohl, 1964) . A n o d or low potential has also been recorded in potassium depletion (Kendig & Bunker, 1970; Eckel & Sperlakis, 1963) . The basic amino acids, arginine and lysine, appear to accumulate in potassiumdeplctcd muscle, thus substituting part of the cationic loss from intracellular fluid (Eckel. No& & Pope, 1958; Brandt, Matalka & 
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Combs, 1960; Sanslone, Muntwyler, Kesner & Griffin, 1970) . Potassium is required for protein synthesis (Cannon, Frazier & Hughes, 1952; Lubin, 1967) and for the phosphorylation of the adenylate system (Boyer, Lardy & Phillips, 1943) . Potassium depletion is known to influence carbohydrate metabolism (Gardner, Talbot, Cook, Berman & Uribe, 1950; Losert, 1968) .
Few studies have been reported on muscle electrolytes in severe potassium depletion in man (Mudge & Vislocky, 1949; Bergstrom, 1962; Bucht, Bergstrom, Lindholmer, Wijnbladh & Hokfelt, 1964; Torres-Pinedo, Kooh & Metcoff, 1966) . No studies on intracellular free amino acids, highenergy phosphates or other metabolites in muscle tissue have to our knowledge been performed in this condition.
Recently we had the opportunity to study two young women with severe, probably self-induced, potassium depletion but apparently healthy in other respects, except for clinical and biochemical signs of malnutrition.
Muscle biopsies were made when the patients were severely potassium depleted and after a few weeks of therapy when they were repleted. The biopsy material was analysed for water, electrolytes, free amino acids and metabolites. The results are presented and discussed.
Case reports
Patient A . S.
This married woman, born in 1944, height 160 cm, had a history of cholecystectomy in 1967 and of several episodes of salpingitis, leading to bilateral salpingectomy in 1969. Because of complaints consistent with biliary dyskinesia, she used to avoid fat in her food. In 1970, she intentionally reduced her food intake, because she wanted to slim, and achieved a weight reduction from 56 to 46 kg in 3 weeks. She gave a history from 1970 of oedema in her legs and the use of diuretic drugs in a low dose (polythiazide 2 mg, later frusemide 40 mg every other day). In spring 1971, tiredness and general weakness appeared with numbness in her hands, dizziness on deep breaths, nausea and vomiting, increased thirst and urinary volumes and a craving for salt. She was off work throughout 1971. These symptoms led to the discovery of hypokalaemia and she was admitted to the Medical Department of Danderyds sjukhus in December 1971. At the time of admission the serum potassium concentration was 2.8 mmol/l and the standard bicarbonate 24 mmol/l. The serum potassium concentration returned to normal without any supplementation and the patient was discharged from the hospital in apparently good condition.
However, the symptoms recurred as did hypokalaemia and she was re-admitted to the hospital in October 1972 with a serum potassium of 2.8 mmol/l, a standard bicarbonate of 33 mmol/l, a urinary potassium excretion of 52 mmo1/24 h, and a urinary pH of 6.1. She was prescribed 9 g of potassium chloride/day and later reported taking 4.5-6 g/day and no diuretics.
On a third admission in February 1973 she had severe symptoms as before, a serum potassium of 1.8 mmol/l and urinary potassium excretion of 106 mmo1/24 h. In spite of oral potassium chloride supply of about 280 mmol/day, the serum potassium remained below 2.0 mmol/l. With the addition of intravenous infusion of 30-125 mmol of KCl/day, the serum concentration increased to 2.6 mmol/l. The lowest serum potassium observed was 1.1 mmol/l. The standard bicarbonate varied between 34 and 46 mmol/l. The plasma renin activity was on two occasions 45 and 70 ng of angiotensin min-ml-l, and the urinary aldosterone excretion was 45 pg/24 h.
The possibility of Bartter syndrome was considered. Another possibility kept in mind was undue medication with diuretic drugs. However, the patient never admitted the use of any diuretics since the time of the first admission and searches for tablets in the ward proved negative.
In March 1973 the patient was referred to the Department of Nephrology, S:t Eriks sjukhus, for muscle biopsy and intensive parenteral treatment with potassium. The biopsy was made when the serum potassium concentration was 1.4 mmolll. Her body weight was 49.0 kg, serum albumin 33 g/l, and creatinine excretion 1.05 g/24 h. The whole-body potassium (total body counting of * O K radioactivity) was 54.9 g (normal value 79.6+93 g)/day before the biopsy. During 1 week an average of 360 mmol of potassium chloride and 200 mmol of sodium chloride were given daily through a central venous catheter in the superior caval vein. Serum potassium, acid-base state, plasma renin and aldosterone excretion all returned to normal. A second muscle biopsy was made after 2 weeks of treatment. The body weight was 56.2 kg. The whole-body potassium (determined 1 day after the biopsy) had increased to 76 g. During the time the patient was immobilized, owing to the need for continuous infusions, it was finally possible to establish that the patient hid and took both diuretics (frusemide and chlorthalidone) in high doses and a laxative (bisacodil). After becoming aware that the medical staff knew of her practice, the patient apparently gave up this medication for the next few months; without any potassium supplementation, the electrolytes, acid-base state, plasma renin activity and aldosterone excretion remained normal. On several out-patient follow-up visits the serum potassium concentration was normal but slight ankle oedema appeared from time to time. Melanosis coli was found on sigmoidoscopy, indicating continued cathartic intake (Wittoesch, Jackman & McDonald, 1958 The laboratory investigations showed severe hypochloraemic hypokalaemic alkalosis. A muscle biopsy was made when the serum potassium was 1.6 mmol/l. Whole-body potassium was not determined.
Oral treatment with large doses of potassium chloride was instituted (approximately 150 mmoll day) and the patient rapidly became asymptomatic. The serum potassium, however, only slowly returned to normal. A second biopsy was made after 22 days of intensive potassium therapy, when her serum potassium had become normal. Her body weight was now 47.0 kg.
There was no abnormal potassium loss in the urine. The potassium loss in the stools, however, was in the order of 40-60 mmol/day. Investigations, which gave normal results, included: erythrocyte sedimentation rate, haemoglobin, barium meal, pentagastrin test, assay for gastrin in serum, 3 days' fat excretion, D-xylose-absorption test, barium enema and urinary excretion of aldosterone. Melanosis coli was found on sigmoidoscopy and rectal biopsy.
The aetiology of the hypokalaemia could not be established with any certainty. The patient strongly denied taking laxatives. However, since the presence of melanosis coli is virtually diagnostic of recent and prolonged cathartic intake (Wittoesch et al., 1958), it was assumed that her potassium depletion was due to abuse of laxatives.
On discharge from the hospital the patient was prescribed potassium chloride, 120 mmol/day. At a laboratory check-up 4 months later serum potassium was 3.4 mmol/l.
Methods
Percutaneous needle biopsy of the quadriceps femoris muscle was performed according to Bergstrom (1962) . On each occasion, two or three biopsies were made at a distance of at least 3-5 cm between sites. One muscle sample was frozen immediately after withdrawal from the muscle by plunging the biopsy needle into liquid freon maintained at the melting point (-150°C). This sample was analysed for glycogen, glycolytic intermediates and high-energy phosphates according to methods described earlier (Harris, Hultman & Nordesjo, 1974) . One or two other biopsy specimens were carefully dissected free from any visible fat and connective tissue and further divided into four or five samples, two for determination of free amino acids and two or three for water and electrolyte determination. The methods for determination of free amino acids in muscle (and in plasma) and the application in material of normal subjects have been described earlier (Bergstrom, Furst, Nor& & Vinnars, 1974) . Methods for weighing the muscle samples, extraction of neutral fat and determination of tissue water content have also been described earlier (Bergstrom, 1962) . The specimens were treated with HNO, (1 mol/l) for extraction of the electrolytes. Sodium, potassium and magnesium were determined by atomic absorption spectro-J. Bergstrom el al.
photometry and chloride was measured by electrometric titration (Bergstrom & Hultman, 1974) . Venous blood for plasma electrolyte, protein and free amino acid determination, and capillary blood for determination of pH, Pco2 and standard bicarbonate were obtained at the time of each muscle biopsy. Routine methods were used for determination of sodium, potassium, chloride and protein. Plasma magnesium was determined by atomic absorption spectrophotometry. Acid-base parameters were determined by a micro-method (Sigga-
Calculation
The determination of extra-and intra-cellular water was based on the chloride method. Chloride is freely diffusible across the skeletal muscle fibre trans-membrane and is distributed according to the Nernst equation (Wilde, 1945;  Conway, 1957) :
where E = trans-membrane potential, R = general gas constant, F = Faraday's constant, T = absolute temperature, and [CI] . and [Cll1 = chloride concentration in extra-and intra-cellular water respect ivel y.
Thus [C1l1 can be calculated if E is known. In the present study E was not determined but was assumed to be -88 mV as found by direct measurement in situ in normal human muscle (Bolte, Riecker & Rohl, 1963;  Cunningham, Carter, Rector & Seldin, 1971 With the assumptions quoted above, the extracellular water content, (H20) c, ml/kg of muscle, was calculated from the muscle water content, (H20),, ml/kg of muscle, the muscle chloride content (CI,, mmol/kg of muscle) and the concentration of chloride (mmol/l) in extra-and intracellular water (Graham, Lamb & Linton, 1967 Riecker et al. (1964) found E to be more negative, -102 mV, in patients with hypokalaemia. However, calculating with -102 mV instead of -88 mV made little difference (< 2 mmol/l) in the derived values of intracellular sodium and potassium concentration. The difference in intracellular amino acid concentrations when calculating with E -102 mV instead of E -88 mV was virtually negligible (2% or less). The coefficient of variation in the measurement of an amino acid in muscle tissue is 6 9 % (Bergstrom & Hultman, 1974) . (Table 1) Plasma. Both patients had severe hypokalaemia (1.4 and 1.6 mmol/l respectively) and hypochloraemic metabolic alkalosis (standard bicarbonate 43 and 31 mmol/l respectively). Patient AS. was, inaddition, hyponatraemic and the serum protein concentration was low. In both cases the serum potassium concentration and standard bicarbonate returned to normal after therapy. Patient A S . became, in addition, slightly hyperchloraemic and the serum protein concentration decreased further. The plasma magnesium concentration was normal.
ReSUltS
Extra-and iritra-cellular electrolytes
Muscle. Values obtained in forty normal volunteers served as controls. Muscle water and electrolytes were grossly abnormal when the patients were + 008 severely hypokalaemic. Thus in A.S. the extracellular water content was low and intracellular water content was high. The potassium content per 100 g of fat-free solids and the potassium concentration in intracellular water were profoundly reduced in both patients. The muscle magnesium content was also slightly decreased. The intracellular sodium concentration was about twice normal in A.S. and three times higher than normal in L.W. In A.S., the extracellular water content became normal after electrolyte therapy but the total water and intracellular water contents were increased. The potassium content became slightly higher than normal and the magnesium content returned to normal. The intracellular sodium and potassium concentrations were normal. In L.W. water and electrolytes in muscle became completely normal after potassium therapy except for the magnesium content, which remained low. (Table 2) ATP, ADP and AMP were not significantly different when compared with normal values published earlier (Harris et al., 1974) . Phosphocreatine was slightly reduced and the ratio between phosphorylcreatine (PC) and total creatine (PC + Cr) was depressed in both cases when potassiumdepleted. The apparent equilibrium constant for the creatine phosphokinase equilibrium (KICK) was found to be high-normal in subject A.S. and increased in L.W. when potassium-depleted; the values decreased slightly after repletion. There is a linear relation between log KICK and pH directly determined in muscle tissue homogenates in samples obtained after isometric exercise (Sahlin, Harris & Hultman, 1975) . From this relation we calculated that the intracellular pH increased by 0.07 and 0.08 pH unit respectively, after repletion with potassium. In A.S. the muscle glycogen content was determined only after potassium repletion and the value at that time was low. In L.W. muscle glycogen content was within normal limits both before and after potassium repletion.
Metabolite content in muscle tissue
Plasma and intracellular free amino acids
Plasma amino acid concentrations ( Table 3) . The values were compared with values obtained earlier in normal subjects (Bergstrom et a[., 1974) .
(a) Potassium depletion : the concentrations of valine, leucine and histidine were reduced in both subjects, and the concentration of threonine was reduced in L.W. The concentration of arginine was high in both subjects, the concentrations of tyrosine and phenylalanine were high in A.S., and the concentrations of citrulline and ornithine were high in L.W.
(b) After repletion: the concentration of histidine remained low in both patients, the concentrations of valine and leucine remained low in A.S. and the concentration of phenylalanine became low in L.W. High concentrations of glutamine and glycine were found in A.S. and high concentrations of proline, ornithine and arginine in L.W.
Intracellular free amino acid concentrations ( Table  4) . (a) Potassium depletion: in both subjects the concentrations of lysine, ornithine and arginine were much higher than normal. Thus in A.S. the lysine concentration was almost twice normal, the ornithine concentration three times, and the arginine concentration four times normal. In L.W. the changes were even more pronounced, the increase in lysine concentration being more than three times, the ornithine concentration eight times, and the arginine concentration more than ten times normal. The glycine concentration was borderline high in A.S. and high in L.W. High concentrations of taurine, serine and proline were also found in L.W. The concentrations of leucine and tyrosine were low in A.S. It should be emphasized that the majority of the free amino acids did not deviate markedly from normal values.
(b) After repletion: the concentration of the basic amino acids, lysine, ornithine and arginine, became normal in A.S. and decreased in L.W. although still being higher than normal. The concentration of threonine decreased in L.S. Some of' the'nonessential amino acids, notably glutamate and glutamine, increased after potassium therapy, the glutamine increase being especially prominent in A.S., in whom the concentration increased from 17 to 38 mmolll. High concentrations of glycine, aspartate and (in L.W.) of proline were also observed. In A.S. taurine decreased below normal and in L.W. it increased above normal.
Intra-and extra-cellular amino acid gradients ( Table 5 ). The gradients for the basic amino acids (ornithine, lysine, histidine and arginine) were high in both subjects when potassium-depleted. After repletion the histidine gradient remained high in A.S. but the gradients for ornithine, lysine and ---arginine became normal. In L.W., the gradient for histidine was normal (no value was obtained before repletion) and the ornithine, lysine and arginine gradients decreased appreciably, although remaining above normal.
Discussion
Self-induced potassium depletion by abuse of diuretic drugs and a laxative was the probable cause of potassium depletion in patient AS. In patient L.W.
the reason for potassium depletion was less well understood but in view of her case history and clinical and laboratory findings, we had reasons to suspect that her abnormal loss of potassium took place from the gastrointestinal tract, possibly selfinduced in her case, too. The grossly abnormal electrolyte pattern in plasma, i.e. severe hypokalaemic, hypochloraemic alkalosis, is similar to findings earlier reported in connection with selfinduced potassium depletion by abuse of laxatives (Relman & Schwartz, 1956 ) and in patients with COM'S and Bartter's syndromes (Gilbert, Bell & Bartter, 1963) . In muscle tissue there was a reduction of the intracellular potassium concentration by about 25%, indicating that both patients were severely potassium depleted. In A.S. the reduction in intracellular potassium concentration (compared with the depletion value) was 26%. This fits well with the observation that the deficit in whole-body potassium was 27%. Thus the muscle potassium determination appears to give a reliable measure of the degree of potassium depletion. The intracellular potassium loss was only partly replaced by sodium. Similar changes in muscle electrolytes were observed in a patient with Conn's syndrome (Bucht  et al., 1964) and, though less extensive, in normal subjects rendered potassium depleted by administration of benzothiadiazide diuretics or chlorthalidone (Bergstrom & Hultman, 1966) .
The low plasma sodium concentration and the low extracellular water content of muscle tissue in A.S. are both signs that the patient was also severely sodium depleted, evidently as a result of taking excessive amounts of diuretic agents. The increase in intracellular water (in relation to fat-free solids) in A.S. after repletion could be due to either a true intracellular water increase or a relative decrease in cell solids, 80% of which consist of cell proteins in normal subjects. Considering that this patient probably had a prolonged period of malnutritiondue to attempted weight reduction, and anorexia (a consequence of potassium depletion), it is reasonable to assume that the increase in intracellular water in relation to fat-free solids was due to a reduction in cell-protein content rather than to a true intracellular water excess. Probably the high potassium content in relation to fat-free solids after repletion can be explained similarly. High intracellular water and high potassium contents in relation to fat-free solids are also found in uraemic patients maintained with intermittent peritoneal dialysis, in whom we also had reason to suspect chronic protein depletion (Fkrgstrom & Hultman, 1974) . Additional evidence of malnutrition in A.S. were the low plasma protein concentration, reduced plasma concentration of valine and leucine before and after therapy, and the low muscle glycogen content. The muscle magnesium content was found decreased in both cases. The relative decrease was, however, much smaller than the reduction in muscle potassium and the magnesium concentration in plasma was normal. Signs of magnesium depletion have been found in chronic diarrhoea (Heaton & Fourman, 1965) . A reduced muscle magnesium content has been observed in patients on long-term therapy with diuretics (Lim & Jacob, 1972) . in a patient with steatorrhoea and in patients who had taken large doses of purgatives for several years (MacIntyre. Hanna, Booth & Read, 1961) .
The content of various metabolites in muscle tissue was little influenced by potassium depletion. The change in apparent creatine kinase equilibrium after potassium repletion suggests that an increase in intracellular pH occurred. However, the calculated pH shift was less than 0.1 pH unit, indicating that the change in intracellular hydrogen ion concentration was small.
Both the extra-and intracellular free amino acid patterns were changed in potassium depletion, the most significant changes being an accumulation of the basic amino acids ornithine, lysine and arginine in the intracellular fluid with the creation of a high trans-membrane gradient of these amino acids. It should be pointed out that the increase in intracellular arginine concentration was higher than the increase in lysine concentration and that the intracellular histidine concentration was normal. This differs from findings in potassiumdepleted rats, where intracellular lysine is much higher than arginine and histidine is high as well (Brandt et al., 1960; Sanslone et al., 1970) . Thus there are important species differences in the intracellular free amino acid response to potassium depletion.
There was an intracellular inorganic cation (Na+ + K+) deficit of about 25 mmolll in AS., and 19 mmol/l in L.W. However, the increase in the sum of the intracellular basic amino acids was much higher in L.W. (about 11 mmol/l) than in A.S. (about 4 mmol/l). Thus the degree of inorganic cationic deficit seems not to be the only factor of importance for the accumulation of basic free amino acids in muscle.
Sanslone et al. (1970) changed the intracellular pH in skeletal muscle in potassiumdepleted rats without affecting the intracellular potassium concentration and were able to show that the abnormal amino acid pattern in muscle was not related to intracellular acid-base alterations.
Brandt ef al. (1960) reported that the high concentration of the basic amino acids found in muscle of potassium-deficit rats decreased as the period on the diet increased and assumed this decrease to be due to progressive anorexia limiting food consumption. The fact that A.S. had much lower intracellular basic amino acid concentration than L.W. may suggest that she might have been in potassium depletion with consequent malnutrition for a longer period of time.
The reason why the basic amino acids accumulate in potassium depletion remains obscure. It is, however, known that these amino acids share a specific amino acid-transport system in different cells (Christensen & Liang, 1966; Christensen & Antonioli, 1969) and in the renal tubules (Silbernagl, 1976) . One may presume that potassium depletion either stimulates the transport of the basic amino acids into the cells or reduces the transport of these amino acids out of the cells.
It has been shown experimentally that potassium depletion stimulates the sodium-potassium-stimulated adenosine triphosphatase activity, probably as a consequence of the increase in intracellular sodium concentration, and that this stimulation activates the electrogenic sodium pump, thus creating an increase in the trans-membrane potential (Erdmann, Bolte & Liideritz, 1971 ). This effect may conceivably also be coupled to the transmembrane transport of basic amino acids.
After repletion of the intracellular potassium stores, the intracellular glutamine and glutamic acid concentrations increased above the normal range.
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It is known that renal ammoniagenesis is stimulated in potassium depletion, resulting in increased urinary ammonia excretion and systemic hyperammonaemia (Schwartz & Relman, 1953; Baertl, Sancetta & Gabuzda, 1963) . Increased hepatic concentration of glutamine and glutamine synthetase activity have been described in potassium-depleted rats (Ching, Rogoff & Gabuzda, 1973) , and it was suggested that this increased glutamine production by the liver may be a source of ammonia in the kidneys. A rapid reduction in renal ammonia production occurs when potassium is replaced (Gabuzda & Hall, 1966) . One may speculate whether the increased glutamine in muscle after potassium repletion is the result of continued overproduction by the liver in spite of reduced ammoniagenesis by the kidneys.
